We investigated if a developmental lesion of the ventral
Previous studies in the rat (for review see and in the monkey (Bertolino et al. 1997; Saunders et al. 1998; Weinberger et al. 2001) have demonstrated that animals with a neonatal lesion of the hippocampal formation display a variety of behavioral and cellular abnormalities reminiscent of schizophrenia, and can be used as an animal model of this disorder. Important aspects of this model in the rat are that the behavioral outcome of an early insult differs markedly from that seen after an analogous adult lesion, that certain abnormal behaviors emerge only after puberty, and that their emergence is not dependent on the surge of gonadal hormones at the time of puberty (Lipska et al. 1993 (Lipska et al. , 1995a Swerdlow et al. 1995; Lipska and Weinberger 1994) . We have, therefore, posited that aberrant functioning of the late maturing medial prefrontal cortex (mPFC) may be a neural substrate for the delayed emergence of at least some abnormal behaviors associated with the neonatal lesion of the rat ventral hippocampus.
Several lines of evidence suggest that the neonatal lesion of the ventral hippocampus in the rat compromises the architectural integrity of mPFC, a region that receives extensive projections from the ventral hippocampus (Jay and Witter 1991; Carr and Sesack 1996) . For example, this lesion decreases GAD 67 mRNA expression , n-acetylaspartate (NAA) concentrations (Bertolino et al. 1999 ) and spine density and dendritic length of mPFC pyramidal neurons , and alters frontal cortical glutamatergic neurotransmission (i.e., specific glutamate binding is enhanced in the lesioned rats, Schroeder et al. 1999) . The removal of presumably abnormal mPFC from adult rats with the neonatal hippocampal lesion appears to nor-malize some of the behavioral effects of this lesion (such as exaggerated novelty-and amphetamine-induced hyperlocomotion), suggesting that the dysfunctional mPFC may play a role in mediating these behaviors (Lipska et al. 1998) . Complex behaviors thought to be dependent on the integrity of prefrontal cortex, such as social interactions, are also disrupted by the neonatal, but not adult, ventral hippocampal lesion (Sams-Dodd et al. 1997; Becker et al. 1999) . Similarly, in monkeys with neonatal medial temporal removals (but not analogous ablations in adulthood), NAA concentrations are reduced in dorsolateral PFC (Bertolino et al. 1997) , and the response of PFC to amphetamine is abnormal (Saunders et al. 1998) . Moreover, neonatal lesions of medial temporal lobe region in the monkey disrupt specific memory processes and impair socioemotional behaviors in a fashion different from that after adult lesions (Bachevalier et al. 1999) .
To the extent that mPFC in the rat parallels PFC in primates and humans (based on their relation to the dorsal medial nucleus of the thalamus (Kolb and Tees 1990) ), PFC function in these species has been strongly linked to various aspects of cognition, especially working memory (Goldman Rakic 1999; Kesner 2000) . Disturbances in the neuronal circuits subserving working memory have been proposed to underlie pathology of schizophrenia (Weinberger 1987; Goldman Rakic 1999) , and recent genetic variation in a gene that impacts on working memory and prefrontal cortical function has been shown to increase susceptibility to schizophrenia Weinberger et al. 2001) .
Considering evidence that neuronal organization of PFC is altered in rats with the neonatal lesion of the ventral hippocampus, we tested the hypothesis that working memory is compromised in these animals. Previous studies assessed learning and working memory of animals with this neonatal lesion using a radial-arm maze and Morris water maze, tests strongly dependent on spatial recognition (Chambers et al. 1996 , Le Pen et al. 2000 . In both tests, the neonatally lesioned rats showed pronounced impairments; deficits in choice accuracy in a radial-arm maze test were apparent prepuberty, persisted into adulthood and were evident in both female and male rats with the neonatal hippocampal lesion (Chambers et al. 1996) . In the present study, we examined the effect of the neonatal lesion on performance in two related working memory tasks: (1) the continuous delayed alternation (Brito et al. 1982) ; (2) the discrete paired-trial delayed alternation (Aultman and Moghaddam 2001) , the relatively non-spatial tests because high walls of the maze in our tests reduced external cues. The former test is routinely used to evaluate working memory, but because it involves a regularly repeated sequence of events rather than trial-specific experience, its selective relationship to working memory has been questioned (Green and Stanton 1989) . The latter test, on the other hand, requires frequent changes of strategy in response to recently acquired, randomly changing information, and therefore allows for a more reliable delay-dependent measure of working memory (Aultman and Moghaddam 2001) .
MATERIALS AND METHODS

Surgery
All procedures were performed in accordance with the NIH guidelines for use and care of laboratory animals. Animals were on a 12-h light/dark cycle (lights on at 6:00 A . M .) in a temperature-controlled environment and with ad lib access to food and water. Female rats were purchased pregnant at 14 days of gestation (SpragueDawley, Harlan) and housed individually in breeding cages. Litters of four to eight male pups were formed at the time of surgery. Female pups were eliminated. Male rat pups were randomly assigned to lesion (n ϭ 13 and n ϭ 10 in experiments 1 and 2, respectively) or sham (n ϭ 10 and n ϭ 8, in experiments 1 and 2, respectively) status. Surgery was performed on postnatal day 7 (PD7) as previously described (Lipska et al. 1993 ). Rats were anesthetized by hypothermia (placing on wet ice for 10-20 min) and then immobilized by taping onto a styrofoam platform fixed to a stereotaxic Kopf instrument (David Kopf Instruments, Tujunga, CA, USA). An incision was made in the skin overlying the skull. Ibotenic acid (0.3 l, 3 g) (Sigma Chemical Co.) (in the lesioned rats) or artificial cerebrospinal fluid (in the sham-operated rats) was bilaterally injected into the ventral hippocampus at a rate of 0.15 L/min (coordinates: AP ϭ 3.0 mm, ML ϭ Ϯ 3.5 mm, VD ϭ 5.0 mm, relative to bregma). The needle was left in place for 4 min to prevent diffusion of neurotoxin along the needle track, and then withdrawn. The skin incision was closed with staples. The pups were placed under a heating lamp, and returned to their mothers within half an hour after surgery. The pups were weaned at PD24, separated by lesion status, and housed 2-3 per cage. They were tested in adulthood, eight weeks post-lesion.
For experiments with the adult lesion, adult rats (Harlan Laboratories) (weighing 240-270 g, at approximately two months of age) were lesioned as previously described (Lipska et al. 1992) . Rats were anesthetized with Equithesin 3ml/kg (IP) and placed in a Kopf stereotaxic instrument using ear bars and a tooth bar ( Ϫ 2.5 mm). Ibotenic acid (total 6 g/0.6 L in the lesioned animals, n ϭ 8 and n ϭ 12, in experiments 1 and 2, respectively) or artificial cerebrospinal fluid in sham rats (n ϭ 8 and n ϭ 9, in experiments 1 and 2, respectively) were administered into the ventral hippocampus at coordinates: AP ϭ Ϫ 4.4 mm, ML ϭ Ϯ 5.0 mm, VD ϭ Ϫ 8.0 and Ϫ 6.0 mm). Two injections of 0.3 l at a rate 0.2 l/min were given on each side. The cannulae remained in place for
Experiment 1. Continuous Spatial Delayed Alternation Task
The first group of rats was tested in a continuous delayed alternation task in a T-maze as described elsewhere (Verma and Moghaddam 1996) . The T-maze was constructed from plexiglass (0.6 cm thick) and painted flat gray (dimensions: the main alley: 65 ϫ 14 ϫ 28 cm, side alleys: 30 ϫ 14 ϫ 28 cm). The side alleys were closed off from the main alley by movable doors. At the end of each side alley there was a 3-cm high barrier that concealed the food reward from view. The third movable door was mounted in the main alley. A holding cage (50 ϫ 35 ϫ 28 cm) was placed adjacent to the T-maze for use during the inter-trial intervals. A T-maze was cleaned between different animals but not between different trials. A food reward was one morsel of Froot Loops cereal. In this test, after the rat makes its first arm entry in the T-maze, it is subsequently rewarded for entering the arm opposite to the one entered on the previous trial during a succession of trials.
Rats were habituated to the maze for 7-10 days. First, animals were handled for three days prior to exposure to a T-maze. On two following consecutive days, each rat was allowed to explore the maze with all doors raised for 10 min. Food was placed in both goal arms. Then animals were food restricted (15 g of food per rat per day) and remained that way throughout the experiment. After two days of food restriction, the adaptation process continued by placing the animal in each side arm with the doors closed, with food reward present at the end of the alley behind the barrier for 5 min. The animal was then placed in the other arm for a 5-min stay. After this 7-10-day adaptation period, rats were trained as follows. During the first trial of each day, food was presented in both goal arms. During the next 10 trials, the arm opposite to the one the animal had entered on the previous trial was baited, except when the animal had gone to the empty arm on the last trial. In that case, the food was left in place and the baited side was changed only after the animal had alternated. Ten seconds after entry to the arm, the animal was removed and returned to the holding cage for a 10 s inter-trial interval. This training continued until a criterion of 80% correct choices (in 10 trials) on two consecutive days was achieved. A maximum of 200 trials (over 20 days) was given.
The data were analyzed by ANOVA with Lesion status and Day as independent factors because of the varying numbers of animals per day (those animals that reached the criteria were not tested further) followed by Fisher PLSD post-hoc tests. Comparison of the number of rats that reached the criteria in the neonatal lesion group versus sham-operated controls and the adult lesion group was done by nonparametric Fisher exact tests. The level of significance was set at p Ͻ .05.
Experiment 2. Discrete Paired-trial Variable-delay Task
A second group of neonatal and adult lesioned rats was tested in a discrete paired-trial variable-delay T-maze task (Freeman and Stanton 1991; Aultman and Moghaddam 2001) . In this task, animals were presented with a sequence of randomly chosen forced runs, each followed by a choice run.
Following 7-10 days of habituation (same as above), animals were exposed to 10 forced-alternation runs per day for 3-5 days. Next, the discrete-trial delayed alternation training began. Following a randomly chosen forced run, and a 10 s delay interval in the holding cage, the animal was placed back in the maze with access to both arms but with bait only in the opposite arm to the one entered in the previous forced run. Once the animal entered a choice arm, a door to that arm was closed off. After an inter-trial period of 15 s, the animal was placed back in the maze for another forced run. A different randomly chosen pattern of forced runs (e.g., R-R-L-R-L-L-R-L-R-L) was used everyday but on a given day the same pattern was used for all animals. The 10 s delayedalternation task was presented to each animal for 10 days, at which time all animals successfully reached the criterion of stable performance (i.e. delayed alternation varied less than 10% in five consecutive days). Once animals performed consistently at 10 s delay, they were tested at three delays (1, 10 and 40 s presented in a random fashion) for five consecutive days.
The data (% correct choices) from the neonatal and adult lesion groups were analyzed separately by a 3-way ANOVA with Lesion as an independent variable, and Delay (1, 10, 40 s) and Day (1-5) as repeated factors. Fisher PLSD tests were used for post-hoc comparisons.
At the completion of the study, animals were perfused under deep anesthesia, brains were removed, sectioned into 40 m slices, and Nissl-stained for verification of the lesion.
RESULTS
Verification of lesions using Nissl-stained sections revealed cell loss and gliosis throughout the ventral hippocampus as previously reported (Lipska et al. 1992; Lipska et al. 1993; Khaing et al. 2000) . While the dorsal hippocampus was spared, there was neuronal loss, atrophy and cavitation in the ventral hippocampus with damage detected in portions of the subiculum and posterior dentate gyrus. Five animals were excluded from the final analysis of the behavioral data due to the mis-placement of the lesion (two rats with the neonatal lesion and one rat with the adult lesion (damage in the amygdala and/or the neocortex) in experiment 1, and one animal with the neonatal lesion (damage in the thalamus) and one rat with the adult lesion (damage in the neocortex) in experiment 2). There were no differences between the neonatal and adult lesions (Figure 1 ).
Experiment 1. Continuous Spatial Delayed Alternation Task
The daily performance of rats with the neonatal ventral hippocampal lesion in the continuous delayed alternation task was worse than the sham-operated rats (Figure 2) . Analysis of the number of correct choices in the training period from 7 to 16 days (the end of the period is the day by which all the sham animals reached criteria and thus completed the testing) showed that there was a significant effect of Lesion (F 1,181 ϭ 11.5, p Ͻ .05) and Day (F 9,181 ϭ 5.8, p Ͻ .05) and a significant Lesion X Day interaction (F 9,181 ϭ 3.1, p Ͻ .05). Post-hoc analysis revealed that initially, there was no difference in performance between the lesioned rats and control animals. However, by day 11, control rats began to rapidly improve their performance, whereas the neonatally lesioned animals continued to perform at just above chance levels (Figure 2) . The average number of days taken to reach 80% correct choices for the four groups is indicated in Table 1 . All sham-operated animals reached the criterion before day 20 (i.e., before the 200 trial limit). An ANOVA showed that the neonatally lesioned rats that were able to learn the task (i.e., performed at 80% correct choices for two consecutive days) required significantly longer time to do so than the sham-operated rats (F 3,24 ϭ 2.2, p Ͻ .05), Table 1 . Fisher exact tests revealed that the number of individuals that mastered the task in the neonatal lesioned group was significantly lower as compared with the neonatal sham group ( p Ͻ .001) or the adult lesioned group ( p Ͻ .05). . The X axis represents the number of days from the start of delayed alternation training. Each animal was given 10 choices per day with an inter-trial interval of 10 s. Rats were trained until the criterion of 80% correct choices on two consecutive days was reached. Starting at training day 11, rats with the neonatal lesion showed significantly worse performance than sham controls (* p Ͻ .05). A similar lesion produced in adulthood did not result in impaired performance in this task.
In contrast to the neonatal lesion, the adult lesion of the ventral hippocampus did not impair the rate of acquisition in the T-maze delayed alternation task. Adult lesioned animals reached criteria at the same rate as the adult sham-operated rats (Figure 2 , Table 1 ).
Experiment 2. Discrete Paired-trial Variable-delay Task
Since the failure to learn the continuous alternation task by the neonatally lesioned rats may be interpreted as impaired acquisition or sensory integration, or other non-mnemonic processes, we examined delay-dependent performance in a discrete paired-trial delayed alternation task.
All animals reached the criterion of stable performance in this task (Figure 3 and Figure 4 ). However, in comparing the performance of the neonatally lesioned and sham groups, a 3-way ANOVA revealed a significant effect of Lesion (F 1,112 ϭ 51.8, p Ͻ 0001), Delay (F 2, 112 ϭ 226.29, p Ͻ .0001) and Day (F 4, 112 ϭ 3.8, p Ͻ .001) as well as a significant Lesion ϫ Delay ϫ Day interaction (F 8,112 ϭ 3.6, p Ͻ .001). Thus, the performance of the neonatally lesioned rats was worse at increasing delays, was significantly worse than the sham-operated animals at all delays (p Ͻ .05), but was stable, i.e., their performance did not improve over time.
In contrast, the adult ventral hippocampal lesion did not impair performance in the discrete trial delayed alternation. An ANOVA showed no significant effect of Lesion (F 1,136 ϭ 0.15, p Ͼ .5). There were significant effects of Day (F 4,136 ϭ 4.6, p Ͻ .01) and Delay (F 2,136 ϭ 206.2, p Ͻ .0001), indicating some improvement of performance in both groups (sham and lesion) over time and significantly worse performance in both groups at increasing delays (p Ͻ .05). There was no significant interaction between Lesion, Delay and Day (F 8,136 ϭ 0.8, p Ͼ .5).
DISCUSSION
The present study demonstrates that an excitotoxic neonatal lesion of the ventral hippocampus impairs working memory in behavioral tasks that are dependent on the functional integrity of PFC (e.g. Sanchez-Santed et al. 1997; Aultman and Moghaddam 2001) . In the continuous delayed alternation task, the majority of the neonatally lesioned animals did not reach the performance criterion of 80% correct choices in two consecutive days. In the discrete trial task, where the criterion was stable performance irrespective of choice accuracy, all neonatally lesioned animals reached the criterion. However, the accuracy of performance in these animals was significantly worse than sham controls, suggesting that while the lesioned animals were motivated and able to perform the task, their working memory capacity was compromised.
Animals with adult lesions of the ventral hippocampus were not impaired in either task, suggesting that Daily performance in the discrete trial delayed alternation task in adult rats with the neonatal lesion of the ventral hippocampus. The animals were trained (see Methods) and then tested in the T-maze at three delays 1, 10 and 40 s presented in a random fashion during the next five days. Rats with the neonatal lesion performed significantly worse than controls at all delays (* p Ͻ .05).
the ventral hippocampus per se is not necessary for delayed alternation performance. However, the pattern of impaired performance of the neontally lesioned animals in the discrete trial task is similar to the performance of animals with adult lesions of mPFC (Aultman and Moghaddam 2001) , consistent with other evidence (see the introduction) of a functional abnormality of PFC in these animals. Previous studies in the rodent and primate have indicated that adult hippocampal lesions may be sufficient to disrupt the performance in behavioral paradigms that involve spatial memory (Olton and Pappas 1979; Kesner and DiMattia 1987) . One possible explanation for the discrepancy between our results and previous findings is that the hippocampal lesions in our study were small and restricted to the ventral portion. However, some studies of the small reversible lesions (e.g., lidocaine infusions) of the ventral hippocampus showed that these lesions can also disrupt performance on spatial tasks (Floresco et al. 1997; Poucet and Buhot 1994) . Another possibility is that the hippocampus is not critical for the performance of delayed alternation tasks that are relatively non-spatial or that involve relatively short delays (lasting for seconds in our tests rather than minutes or hours). Chambers and colleagues (1996) using spatial radial-arm maze tests, have reported working memory deficits after a neonatal ventral hippocampal lesion in rats whose training started at various developmental stages -before puberty (PD25), during adolescence (PD40) and in adulthood (PD80). The lesioned rats showed consistent deficits irrespective of age at testing or gender. In those studies, prepubertal rats that did not display motor abnormalities were similarly cognitively impaired as rats trained in adulthood that were hyperactive; hence, this finding argues against the possibility that disruption of motor function is responsible for poor performance in the working memory tasks. The findings of Le Pen et al. (2000), who showed learning impairments in rats with the neonatal hippocampal lesion in the Morris water maze and in avoidance tasks, but no motor deficits during swim or in strength tests, further support the notion that motor abilities are not responsible for impaired cognitive performance in this model.
Taken together, the present findings indicate that an insult to the ventral hippocampus during development disturbs the associative functions of PFC (a brain region that matures late and shows an array of molecular and physiological anomalies in the neonatally lesioned animals) and/or functions of the remaining hippocampus or other critical regions (Floresco et al. 1997 (Floresco et al. , 1999 , more profoundly than if it had occurred during adulthood. These findings are consistent with previous reports that temporolimbic development affects the ontogeny of working memory Stanton 1991, 1992; Green and Stanton 1989) , and that the neonatal hippocampal lesions may have widespread and lasting adverse effects in the interconnected areas implicated in certain cognitive processes (Van Praag et al. 1998; Khaing et al. 2000; Chambers et al. 1996; Le Pen et al. 2000) .
The characteristics of the changes in the neonatally lesioned rats may provide some clues about the neurotransmitter systems that are compromised in these animals. For instance, the pattern of impairment seen in the discrete trial task is similar to that observed after exposure to scopolamine (Aultman and Moghaddam 2001) , suggesting that cholinergic systems may be affected. This speculation is consistent with animal and human studies implicating cortical cholinergic neurotransmission in sustaining working memory and related associative functions, such as attention and behavioral activation (Everitt and Robbins 1997; Steckler et al. 1998; Furey et al. 2000) . The cholinergic system has not been directly investigated in these animals, however. Daily performance in the discrete trial delayed alternation task in rats with the adult lesion of the ventral hippocampus. The animals were trained (see Methods) and then tested in the T-maze at three delays 1, 10 and 40 s presented in a random fashion during the next five days. Performance of rats with the adult lesion was not different from controls. Dopaminergic projections to PFC are also implicated in proper working memory function (Williams and Goldman Rakic 1995) . Although it is possible that the neonatal lesion of the hippocampus disrupts PFC function by altering dopaminergic neurotransmission, neurochemical findings do not provide consistent support for this contention . In addition, behavioral pharmacological investigations have shown that disruption of the dopamine system produces a somewhat different pattern of impairment in the discretetrial task than that observed here: deficits are apparent selectively at delays of 10 s or more (Aultman and Moghaddam 2001) . This is in agreement with findings that tonic dopaminergic activity may not contribute to the delayed alternation performance in the rat; rather, dopamine seems to play a modulatory role in association with excitatory amino acids (Verma and Moghaddam 1996; Adams and Moghaddam 1998) . Notably, the neonatal hippocampal lesion alters the metabolic properties of pyramidal glutamate neurons as suggested by reduced levels of prefrontal N-acetylasparate (NAA) in young adult but not pre-pubertal rats (Bertolino et al. 1999) . Moreover, physiological responses of prefrontal pyramidal neurons following stimulation of dopaminergic neurons in the brainstem are altered in adult but not prepubertal rats with the neonatal hippocampal lesion (O'Donnell et al. 1999) . Similarly to the delayed alternation deficits, this aberrant response of prefrontal neurons to dopamine is not seen after an identical adult lesion of the ventral hippocampus. These data suggest that the tuning response of prefrontal pyramidal neurons by dopamine, which may be a necessary component for spatial working memory performance (Williams and Goldman-Rakic 1995) , may be uniquely disrupted by a developmental hippocampal insult.
In conclusion, we used an animal model to examine whether a developmental insult in a brain region implicated as a site of pathology in schizophrenia (Weinberger 1999) produces working memory deficits. We found that the neonatal lesion of the ventral hippocampus impaired working memory performance in a way that resembled the pattern of performance observed previously in animals with discrete lesions of mPFC. This behavioral abnormality was in contrast to that observed in animals with adult lesions of the ventral hippocampus, suggesting that a hippocampal early developmental defect produces a pattern of behavioral changes reflective of impaired associative functions of PFC.
